Seven test-day models with different ways of accounting for the effect of pregnancy on production traits were compared by their residual variance, rank correlations of estimated breeding values of bulls and cows and number of nonpregnant cows in the top 500 for milk yield and milk persistency. Data were 22,546,696 first-parity testday milk, fat, and protein yields and somatic cell score 
aBStraCt
Seven test-day models with different ways of accounting for the effect of pregnancy on production traits were compared by their residual variance, rank correlations of estimated breeding values of bulls and cows and number of nonpregnant cows in the top 500 for milk yield and milk persistency. Data were 22,546,696 first-parity testday milk, fat, and protein yields and somatic cell score records of 2,677,862 Canadian Holstein heifers calved between 1988 and 2006. The first model fitted separate lactation curves to 8 days open classes and 1 curve to a nonpregnant cow class. Two other models adjusted for pregnancy by fitting the effect of month of pregnancy or stage of pregnancy. One model fitted regression on days pregnant. The remaining 3 models fitted interactions between stage of pregnancy and stage of lactation when conception occurred using either regression on days pregnant nested within days open or classes for specific stage of pregnancy and stage of lactation combination. All models were contrasted to a model without any adjustment for the effect of pregnancy. Both models that accounted for the effect of pregnancy and the model without the effect of pregnancy had similar residual variance. Adjusting for the effect of pregnancy did not cause reranking of sires for estimated breeding values for 305-d yield and persistency but influenced ranking of cows. 
IntrODuCtIOn
Pregnancy has been reported to have a negative effect on milk yield of dairy cows due to hormonal changes, causing regression of the mammary gland (Akers, 2006) , and nutrient requirements of the fetus, reducing available nutrients for milk production (Bell et al., 1995) . The effect of pregnancy is small at the beginning of gestation and becomes greater at later stages of gestation, when growth and nutrient requirements of the conceptus are larger. Significant effect of pregnancy on milk yield is usually observed from the fifth month of gestation onward (Olori et al., 1997; Haile-Mariam et al., 2003; Roche, 2003) . The effect of pregnancy on milk yield depends on lactation stage. The effect is greater in mid lactation than in late lactation (Olori et al., 1997) . Haile-Mariam et al. (2003) noted that ignoring the effect of stage of gestation in a test-day model overestimates milk yield at the beginning of the lactation and underestimates it at the end of the lactation.
Cows with greater milk yield during early lactation have longer days open, and longer days open increases the subsequent yield (Lee et al., 1997) . Longer days open in the previous lactation positively affect test-day milk and component yields (Bormann et al., 2002) . Cows with longer previous days open have greater milk yield in the subsequent lactation because they had more time to renew body fat yield that is used in the next lactation (Sadek and Freeman, 1992) . Lee et al. (1997) warned that using days open to adjust for the effect of pregnancy can lead to overcorrection for this effect in a group of cows that conceived early in lactation. This bias is caused by a significant relationship between days open and yield. Brotherstone et al. (2004) reported that cows that conceive shortly after calving had less persistency.
Several countries adjust production traits for pregnancy by including previous, present days open or days pregnant in their model for genetic evaluation (Interbull, 2008) . The current Canadian Test Day Model does not account for the effect of pregnancy and therefore pregnant cows are penalized. The objective of this study was to identify the best model for accounting for the effect in the Canadian Test Day Model for Canadian Holsteins using test-day (TD) records up to 365 DIM.
materIaLS anD metHODS

Data
Data were 22,546,696 TD milk, fat, and protein yield and SCS records of 2,677,862 Canadian Holstein heifers that calved between 1988 and 2006. Only TD with DIM from 5 through 365 d were included. Averages of milk, fat, and protein yields and SCS were 25.4 kg, 0.93 kg, 0.82 kg, and 2.0, respectively. The pedigree file contained 3,828,921 animals. The insemination data set containing 11,100,925 insemination records was used to determine the cow's conception date of her second pregnancy. Not all cows evaluated in this study had available breeding records because recording of AI began in Canada in 1997.
A gestation length of 280 d was assumed (the average gestation length of Holsteins). When a cow had a subsequent lactation but no breeding record, the conception date was set to the date 280 d before her second calving. For a cow with subsequent calving and insemination records located in the interval of 280 ± 15 d before her second calving, the conception date was set to the date of her last insemination record in this interval. For a cow with incomplete lactation (had a TD record within 6 mo from data set cut-off point) without a second calving but with available insemination records after her first calving, the conception date was set to her last available insemination record. A cow that completed first lactation (did not have any TD record 6 mo from data set cut off point) but did not have a subsequent calving and any insemination records was assumed to be nonpregnant. The last available TD record was assumed to be the first day of the dry period for a cow with lactation in progress. Considering an average dry period of 60 d, the conception date was set to (280 -60) ). The DO NP class had the lowest milk, fat, and protein yields. The majority of cows in this group were likely not bred intentionally because of their low production or health problems.
Test-day records were divided into 8 classes of month of pregnancy. Test-date records from cows that conceived but were not pregnant yet on the test-day or TD records from cows that never conceived were assigned into class P0. Classes P1 to P7 included TD records from mo 1 to mo 7 of pregnancy. As reported in Table  2 , 50.4% of TD records were recorded before conception and 30.6% were from the first 4 mo of pregnancy.
Test-day records were divided into 13 stages of pregnancy classes, defined as W1 (days pregnant ≤10), W2 (11 ≤ days pregnant ≤31), W3 (32 ≤ days pregnant ≤52), W4 (53 ≤ days pregnant ≤73), W5 (74 ≤ days pregnant ≤94), W6 (95 ≤ days pregnant ≤115), W7 (116 ≤ days pregnant ≤136), W8 (137 ≤ days pregnant 
Models
Data were analyzed with 8 multiple-trait random regression models. The effects common to all models (common) were as follows:
where HTDij was the jth herd-test-date fixed effect for a trait i (TD milk, fat, protein yields, and SCS), α ikn was the nth fixed regression coefficient for the ith trait specific to the kth region-age-season class, dim_cl l was the fixed effect of the lth DIM class (l = 5,…..365), β irn was the nth random regression coefficient for the additive genetic effect of animal r, γ irn was the nth random regression coefficient for the permanent environmental effect of cow r, z n (dim) was the nth Legendre polynomial for DIM. Both fixed and random regressions were fitted with Legendre polynomials of order 4. The general (G) model was 
where s m is the mth class of month of pregnancy, fitted as a fixed effect with 8 levels.
The days pregnant (DP) model was y c ommon w dp e ijklr ijklr in n n
where ε in is the nth regression coefficient for trait i, and w n (dp) is the nth term of the Legendre polynomial of order 4 for dp days pregnant. The stage of pregnancy × stage of lactation (SP × SL) model was y c ommon w dp e 
where υ w is the effect of wth stage of pregnancy class (13 levels), as defined earlier.
In matrix notation each model can be described as where R was a 4 × 4 covariance matrix for the residual.
Residual variance was assumed to be constant across lactation. Matrices G and P were the random regression covariance matrices for the genetic and permanent environmental effects, respectively. The size of both matrices was (5 × 4) by (5 × 4), where 5 is the size of the vector of random regression coefficients and 4 is the number of traits. The matrix A was the additive genetic relationship matrix and I was an identity matrix. All models used the same (co)variance components estimated previously by Bohmanova et al. (2008) . Mixed where y i is the ith observed test-day record, ŷ i is the ith predicted test-day record, and m is the number of records.
reSuLtS anD DISCuSSIOn
Model DO fitted separate curves for nonpregnant and each of the 8 DO classes. As reported in Figure  1 , curves of cows with larger DO were above curves of cows with shorter DO. Because the differences in level of production among classes occurred from the very beginning where none of the cows were pregnant, it clearly indicates that this model also accounted for factors not related to the effect of pregnancy. This artifact of this model was likely caused by a high positive correlation (0.62) between DO and milk yield (Abdallah . High-yielding cows tend to conceive later in lactation (i.e., have longer DO) compared with cows with average or low production (Makuza and McDaniel, 1996) , probably because of biological antagonism between energy balance and reproductive cycling (Lee et al., 1997) . Curves of cows with shorter DO had less persistency than cows with more DO, which is consistent with results by Brotherstone et al. (2004) . As reported in Table 1 , the average milk yield of the nonpregnant group was less than the average milk yield of pregnant cows. Cows in the nonpregnant class were mainly animals with low production that were not kept for subsequent lactation or animals with health problems yielding less milk and having difficulty becoming pregnant. The average curve of the nonpregnant group estimated by model DO was consequently lower than the curves of pregnant cows; this difference was not due to the effect of pregnancy but because the cows with low production were not bred. This model overestimated breeding values of nonpregnant cows, because their test-day yield was contrasted to an average curve that was below the curve of pregnant cows. Also, breeding values of cows with shorter DO were inflated because their average curve was below the curve of cows with longer DO. The shape of curves was reasonably consistent up to 185 DIM, as cows in the DO ≤ 60 class start their fourth month of pregnancy when the effect of pregnancy became apparent. Larger fluctuation of EBV of cows can be expected with the DO model from one genetic evaluation to the next. A proportion of cows with lactation in progress that in a previous genetic evaluation belonged to the nonpregnant class will change their status from nonpregnant to pregnant in the next genetic evaluation. Test-day yield of such cows will be compared in the first genetic evaluation to an average curve of nonpregnant cows and in the second evaluation to an average curve of pregnant cows, which is higher than the curve of nonpregnant cows. Consequently, EBV of these cows will likely decrease.
Model MP accounted for pregnancy by estimating the effect of gestation separately for each month of pregnancy. In Canada, the common practice is to dryoff cows 2 mo before calving. Therefore, the effect of pregnancy was limited to only 7 mo. As presented in Figure 2 , milk and protein yields declined slowly in the first 4 mo and then the slope of the decline increased. The rate of decline of fat yield was 0.02 kg greater in the second compared with the first month of pregnancy and then remained constant until the fifth month, when the rate of decline was 2 to 6 times larger.
Model DP used a regression to estimate the effect of pregnancy on production ( Figure 3 ). Similar to model MP, milk yield declined slowly during the first 4 mo of pregnancy and then more quickly, which is in agreement with results from Druet et al. (2003) , Leclerc et al. (2008) , and Olori et al. (1997) . In contrast to model MP, a larger decrease was observed between the first and second months of pregnancy. Moreover, the rate of decline in the second phase of pregnancy was larger in model DP than in model MP. This was most likely caused by the fact that Legendre polynomials tend to overestimate curve at its edges.
Models SP × SL, DP × DO, and MP × DO assumed that the rate of decline in production traits due to pregnancy was influenced by the stage of lactation when the cow conceived. However, as reported in Figures 4, 5 , and 6, the curves were relatively uniform in their shape, indicating that the effect of pregnancy did not depend on the stage of lactation. Sharma et al. (1990) and Olori et al. (1997) (Schneider et al., 1981) , and because none of the studies accounted for individual shape of lactation curve, their results are probably slightly biased. As in model DO, the curves estimated for cows with shorter DO were below curves estimated for cows with longer DO. Figure 7 illustrates the decline in milk, fat, and protein yields of the 13 stages of pregnancy for model SP. Likewise, in the MP model, milk and protein yield declined slowly from conception until the fourth month of pregnancy. The rate of decline was noticeably greater at later stages of pregnancy. In contrast to that of milk and protein yields, the rate of decline of fat yield was relatively high in the first 2 mo and then leveled off and became evident from the fifth month of pregnancy.
Spearman rank correlations between 305-d EBV of 9,214 bulls with ≥25 daughters estimated by model G and remaining models were all ≥0.991, indicating that adjustment for the effect of pregnancy will have little effect on EBV of proven bulls. Spearman correlations of 2,752,424 cows were smaller than correlations for bulls (Table 3) . Spearman correlations for cows from models MP, DP, and SP were ≥0.99 but these correlations for models DO, SP × SL, DP × DO, and MP × DO were <0.99.
Spearman correlations of EBV for persistency of 2,752,424 cows between model G and the remaining models are reported in Table 4 . The correlations for production traits ranged between 0.968 (milk yield in SP model) and 0.991 (fat yield in DP and MP × DO), suggesting that pregnancy has an effect on persistency of production traits. Table 5 reports the percentage of nonpregnant and pregnant cows in the top 500 for milk yield EBV. Models that accounted for the effect of pregnancy using days open (DO, SP × SL, DP × DO, MP × DO) had larger percentages of nonpregnant cows in the top 500 than model G, indicating that overestimation of breeding values of nonpregnant cows is greater with these 4 models than with model G. Models MP and SP had 10% fewer nonpregnant cows in the top 500 for milk than model G, indicating that these models decrease overestimation of EBV of nonpregnant cows compared with model G. Table 6 compares distribution of cows by DO class in the top 500 for milk. Models DO, SP × SL, DP × DO, and MP × DO had, in the top 500 for milk, smaller numbers of cows with DO >240 d than model G, indicating that these models underestimate EBV of cows with long DO, as previously mentioned. No apparent differences in the number of cows in the DO classes were found between MP and SP models and model G.
Distribution of cows by DO class in the top 500 for persistency of milk yield is reported in Table 7 . All models with an effect of pregnancy had a smaller number of nonpregnant cows in the top 500 for persistency than did model G. This indicates that adjustment for the effect of pregnancy increases EBV for persistency of pregnant cows. All models with an effect of pregnancy had larger numbers of cows in DO ≤ 60, DO ≤ 90, DO ≤ 120, and DO ≤ 150 classes and smaller numbers in remaining DO classes compared with model G. This is mainly because a test-day yield on 280 DIM and consequently EBV on 280 d (EBV that was used for calculation of EBV for persistency) was noticeably affected by pregnancy only in a group of cows that conceived before 150 DIM (considering that effect of pregnancy does not have a considerable effect until 130 d pregnant). Consequently, implementation of any of the models with the effect of pregnancy would increase persistency EBV of cows with shorter DO and decrease EBV of nonpregnant cows and cows with longer DO. Figure 8 reports a trend of RV by DIM for milk yield. The RV of all models was identical in mid lactation. As in Haile-Mariam et al. (2003) , ignoring of the effect of pregnancy (model G) beginning and end of lactation (between 276 and 365 DIM). Small differences in RV were reported among models. Model MP had the largest RV and models SP × SL and DP × DO had the smallest RV. In general, models that considered DO in their definition of effect of pregnancy had smaller RV. As mentioned before, the models with DO incorrectly removed a part of variability that was not related to pregnancy and therefore RV was not an appropriate criterion for model comparison in this case.
Two approaches can be employed to incorporate the effect of pregnancy in the national genetic evaluation. The first option is to expand the genetic evaluation model to include an additional effect. The second option is to preadjust data using previously estimated adjustment factors and leave the genetic evaluation model unchanged. The advantages of the second approach are that it can significantly decrease computational cost (Leclerc et al., 2008) and the adjustment factors can be calculated from a subset of data with validated conception dates. These factors will be more accurate than estimates from a complete data set, in which conception date would be approximated for some animals. Moreover, the adjustment factors can be smoothed out to remove any changes that do not have a biological explanation. However, the drawback of this approach is the lack of accounting for the error term in the estimates of correction factors may cause biases in covariance components and prediction of breeding values (Varona et al., 1999) . The effect of pregnancy on milk yield is stronger in multiparous than primiparous cows as early as the 25th week of pregnancy (Coulon et al., 1995; Brotherstone et al., 2004; Leclerc et al., 2008) . Therefore, implementation of preadjustment of pregnancy into a routine national genetic evaluation would require separate adjustment factors for primiparous and multiparous cows.
COnCLuSIOnS
Residual variance and ranking of sires for 305-d EBV and persistency EBV was not different among models. (83) 452 (90) 444 (89) 399 (80) 398 (80) 420 (84) 452 ( (2) 52 (6) 51 (5) 51 (5) 49 (3) 49 (3) 53 (7) DO 84
